The possibility that the masses M • of supermassive black holes (SBHs) correlate with the total gravitational mass of their host galaxy, or the mass of the dark matter halo in which they presumably formed, is investigated using a sample of 16 spiral and 20 elliptical galaxies. The bulge velocity dispersion σ c , typically defined within an aperture of size R < ∼ 0.5 kpc, is found to correlate tightly with the asymptotic value of the circular velocity v c , measured at radii R ∼ 20 − 80 kpc. By using the well known M • − σ c relation for SBHs, and a prescription to relate v c to the mass of the dark matter halo M DM in a standard CDM cosmology, the correlation between σ c and v c is equivalent to one between M • and M DM . Such a correlation is found to be nonlinear, with the ratio M • /M DM decreasing from 6 × 10 −5 for M DM ∼ 10 14 M ⊙ , to 5 × 10 −6 for M DM ∼ 10 12 M ⊙ . Preliminary evidence suggests that halos of smaller mass are increasingly less efficient -perhaps unable -in forming SBHs.
INTRODUCTION
Never has the study of supermassive black holes (SBHs) been greeted with such attentiveness as in the past few years. Although by the mid 1960s it was generally recognized that the energy source of the newly discovered quasars must be gravitational (e.g. Robinson 1965) , for the following three decades the existence of SBHs was destined to be surrounded by skepticism. By the mid 1990s, a few years after the launch of the Hubble Space Telescope, it was widely accepted (Kormendy & Richstone 1995) . Today, SBHs feature prominently in models for the formation and evolution of their host galaxies (e.g. Silk & Rees 1998) . Freed from the burden of having to demonstrate the very existence of SBHs, we can now begin asking cardinal questions: how did SBHs form, how do they accrete, how do they evolve, and what role do they play in the formation of cosmic structure?
Tackling such questions has been made possible by the discovery that SBHs are tightly related to the large-scale properties of their host galaxies. Black holes masses, M • , correlate with the blue luminosity L B of the host bulge (Kormendy & Richstone 1995) . Even more compelling is the correlation between M • and the bulge velocity dispersion, M • ∝ σ α (Ferrarese & Merritt 2000; . Using the most up-to-date set of SBH mass measurements, Ferrarese (2002) 
where σ c is normalized to an aperture of size one eighth the bulge effective radius. The M • − σ c relation has supplanted the M • − L B relation as the tool of choice for the study of SBH demographics, for the following reasons. The M • − L B relation suffers from a large scatter (two orders of magnitude in M • , Ferrarese & Merritt 2000) , most (but not all) of which is ascribable to lenticular and spiral galaxies (McLure & Dunlop 2002) . The M • − σ c relation, on the other hand, appears to be intrinsically perfect (Ferrarese & Merritt 2000; Merritt & Ferrarese 2001a; Ferrarese 2002) . It holds true for galaxies of disparate Hubble types (from SBs to compact ellipticals to cDs) belonging to wildly different environments (from rich clusters to the field), showing perfectly smooth (e.g. NGC 6251) or highly disturbed (e.g. NGC 5128) morphologies. Furthermore, σ is probably a more faithful gauge of mass than L B : the M • − σ c relation thus betrays the existence of a tight connection between the masses of SBHs and those of the hot stellar component surrounding them (Merritt & Ferrarese 2001b ).
Have we indeed found, in the M • − σ c relation, the fossil record that links the formation and evolution of SBHs to those of their host galaxies? The M • − σ c relation, and the equally tight relation recently discovered by Graham et al. (2001) between M • and the inner gradient in the light distribution, probe the connection between SBHs and the baryonic component of galactic bulges. Measurements of σ typically do not extend far enough to penetrate the region dominated by the dark matter (DM) component (Faber & Gallagher 1979) . And yet, it is not the mass of the bulge but rather, the total mass M tot of the galaxy or the mass M DM of the DM halo, which is the key ingredient in most theoretical models proposed for the formation of SBHs (Adams, Graff & Richstone 2000; Monaco et al. 2000; Haehnelt, Natarajan & Rees 1998; Silk & Rees 1998; Haehnelt & Kauffmann 2000; Cattaneo, Haehnelt & Rees 1999; Loeb & Rasio 1994) . Once a correlation with M tot (or M DM ) is recovered by the models, the correlation with bulge mass is implicit because, in standard CDM scenarios, the bulge mass is loosely determined by the halo properties (e.g. van den Bosch 2000; Haehnelt, Natarajan & Rees 1998; Zhang & Wyse 2000) . This paper pursues, from an observational standpoint, the possibility of a link between M • , M tot and M DM . A tight correlation is indeed found in the form of a relation between M • and the circular velocity of the SBH host galaxy, measured well beyond the optical radius.
DATABASE
Measuring the total gravitational mass of a galaxy is a formidable challenge. In bright ellipticals, the temperature and density distribution of the thermal X-ray gas can lead to a measure of M tot under the minimal condition of hydrostatic equilibrium (e.g. Fabricant, Rybicki & Gorenstein 1984) . However, while much progress is expected as Chandra data are collected, previous generations of X-ray satellites lacked the necessary combination of spectral response and sensitivity to allow an accurate measurement of all required observables (e.g. Biermann et al. 1989; Awaki et al. 1994; Matsushita et al. 1998 ). Stars, 1 FIG. 1.-Correlation between bulge velocity dispersion σc and disk circular velocity vc for a sample of 37 galaxies with either optical (open circles) or HI (solid circles) rotation curves. Points marked by errorbars only correspond to galaxies for which the rotation curves does not extend beyond R 25 . The galaxy to the far left, with the smallest value of σc, is NGC 598. The solid line corresponds to a fit to all galaxies with σc > 70 km s −1 and R(vc)/R 25 > 1.0. The dotted line corresponds to the fit to all galaxies, with the only exclusion of NGC 598. globular cluster and planetary nebulae (PNe) are good tracers of the gravitational potential (e.g. Saglia et al. 2000; Côté et al. 2001; Arnaboldi et al. 1998 ). However, the derived masses suffer large uncertainties due to the unknown velocity anisotropy of the system and, in particular for the case of PNe, the small sample size of the tracers (Napolitano et al. 2001; Merritt & Tremblay 1993) .
In spiral galaxies, however, the rotation curves of the cold disk component bear the direct imprint of the mass distribution. Indeed, the lack of a decline in the circular velocity v c at radii of order and beyond the optical radius of spirals was one of the first indications of the existence of a significant dark matter component (Rubin, Ford & Thonnard 1978 Rubin, Thonnard & Ford 1977; Krumm & Salpeter 1979) . To first order, therefore, a relation between M • and M tot would be reflected in a relation between M • and v c .
Of the four spiral galaxies with a secure measurement of M • (see the compilation by Merritt & Ferrarese 2002) only two, the Milky Way and NGC 4258, have published rotation curves, both derived from 21-cm studies (Olling & Merrifield 1998; van Albada 1980) . However, the sample can be augmented if one is willing to exchange M • for the bulge velocity dispersion σ c , following equation (1). Of all spirals for which σ has been measured, 46 have rotation curves, either in HI (21 objects) or optical (25 objects). For six of the galaxies with an HI rotation curve, warnings are found in the original papers as to the use of the published circular velocities for mass measurements. Reasons include warps in the HI disk preventing one from deprojecting the observed rotation curve (NGC 4565, Rupen 1991; NGC 891, Rogstad & Shostak 1972; NGC 1808 , Saika et al. 1980 , Koribalski et al. 1993 ) and/or the presence of significant non-circular motion in the HI gas (NGC 3079, Irwin & Seaquist 1991; NGC 3031, Rots & Shane 1975; NGC 4736, van der Kruit 1974) . For two of the galaxies with an optical rotation curve (NGC 3200 and NGC 7171), two values of σ discrepant at the > 99.9% level exist in the literature (McElroy 1995; Whitmore et al. 1984; Dressler 1984) ; these galaxies have also been excluded from the sample.
Data and references for the remaining 38 galaxies are given in Table 1 . To allow for the application of equation (1), the bulge velocity dispersion σ is corrected to the equivalent of an aperture of radius r e /8 following the prescriptions of Jorgensen, Franx & Kjaergaard (1995) . The bulge effective radius r e is taken from Baggett et al. (1998, but Fig. 1 shows the circular velocity versus the bulge velocity dispersion within r e /8 for all galaxies in Table 1 . The correlation is immediately apparent, but a few observations are in order.
First, a glance at Table 1 will reveal that the most noticeable difference between the two samples of optical and HI rotation curves is, not surprisingly, that while only two of the optical rotation curves extend beyond R 25 , the galaxy radius at the B = 25 mag arcsec −2 isophote, all but one of the HI rotation curves do. Inspection of the original papers shows that the HI rotation curves all exhibit a common pattern. It is well known (e.g. Sofue & Rubin 2001 and references therein) that as one moves away from the center, v c rises rapidly, peaks somewhere between 3 and 15 kpc, and then remains flat (sometimes after a modest initial decline) until the last measured point, typically R(v c ) = 30 − 40 kpc. By not reaching as far, the optical rotation curves are more heterogeneous (Kent 1987) : at the last measured point (generally within 10 kpc), v c has not always settled into a flat rotation curve. In Fig. 1 , galaxies with rotation curves not extending beyond R 25 (shown as errorbars only) appear to display larger scatter, relative to the mean correlation defined by all galaxies, than the galaxies with a more extended rotation curve.
Second, a simple visual inspection of Fig. 1 shows that among the galaxies with R(v c )/R 25 > 1, NGC 598 (= M33, the galaxy with the lowest value of σ c in the plot) is a clear outlier. Furthermore, the two galaxies with σ c < 70 km s −1 seem to have a significantly larger circular velocity that would be in-ferred if a linear fit (in log σ c − logv c ) were to be performed to the rest of the sample.
To quantify the above statements, we performed a regression analysis, accounting for errors in both coordinates (Akritas & Bershady 1996) , to all galaxies except NGC 598 (Table 2 and dotted line in Fig. 1 ). Fig. 2 shows the residuals from the best fit as a function of R(v c )/R 25 , confirming the larger scatter for galaxies with rotation curves not extending beyond R 25 . For the scope of this paper, the usefulness of v c is directly related to how confidently v c can be used as an estimator of the total galactic mass, which in turns depends critically on the radial extent of the rotation curve. Therefore, after dutifully noting that the regression analysis produces virtually identical fits whether the entire sample, or just the galaxies for which R(v c )/R 25 > 1 are used (Table 2 ), we will only retain the latter sample in the remainder of this paper.
Because of its apparently negligible intrinsic scatter (a reduced χ 2 r of 0.96, Table 2 ) and the fact that it does not follow directly from simple dynamical arguments (see §4.1), the v c − σ c relation is of obvious interest. However, by targeting only spiral galaxies it lacks generality; furthermore, it samples a narrow range in σ c , ∼ 90 to ∼ 180 km s −1 . It is interesting to compare the v c − σ c relation observed for the spirals with the one derived recently by Kronawitter et al. (2000) and Gerhard et al. (2001) for a sample of 21 elliptical galaxies. For this sample, circular velocity curves are derived by applying non-parametric spherical models to the observed stellar absorption line profiles, velocity dispersion and surface brightness profiles. Kronawitter et al. conclude that the rotation curves resulting from the models are self-similar, and consistent with being flat outside 0.3r e , with r e the galaxy's effective radius 1 . As pointed out by Gerhard et al. (2001) , v c is expected to be linearly related to any other velocity scale, for instance σ c , as a consequence of the dynamical homology. The constant of proportionality is likely to depend slightly on the details of the models; and Gerhard et al. (2001) do not discuss this point explicitely, but by comparing their results to the those obtained by van der Marel (1991) and Lauer (1985) for the same galaxies, variations of the order of a few tens of a percent are possible if different dynamical models are used. Davies et al. (1987) , and corrected to a common aperture size as detailed for the bulges. As expected, we recover the correlation between v c and σ c already reported by Gerhard et al. (2001) . However the fact that this relation naturally blends with the one observed for the spirals had not been noted before. There is no reason, a priori, why this should be so: v c is observed for the spirals, but modelled for the ellipticals, furthermore, as discussed in more detail in §4.1, rotation curves for spiral galaxies are strongly dissimilar, unlike the case for the ellipticals. A regression analysis to the ellipticals produces a fit indistinguishable from the one obtained for the spirals once the two galaxies with σ c < 70 km s −1 are excluded (Table 2) . If a linear fit is forced, σ c = (0.65 ± 0.02)v c for the ellipticals and σ c = (0.61 ± 0.01)v c for the spirals. Kronawitter et al. (2000) . The dotted line is a fit to all spiral galaxies with the exception of NGC 598, while the solid line is the fit to all spirals with σc > 70 km s −1 . The latter fit is consistent with the one obtained for the elliptical galaxies alone (see Table 2 ).
The agreement between the spiral and elliptical samples points to a common cause connecting galaxy dynamics at small and large scales across the entire Hubble sequence, in spite of the fact that the v c − σ c relation for the ellipticals is partly due to the scale-free nature of the models adopted. We Before proceding, it is worth to play devil's advocate and consider whether the v c − σ c relation could be a tautology, i.e. whether a correlation between v c and σ c is expected a priori from first principles.
The most trivial case to consider is the following: a strict proportionality between σ c and v c would result if both responded to the same mass distribution. For instance, if the region within which σ c is measured extends to radii where the rotation curve is flat, σ c would naturally be linearly related to v c simply by virtue of the virial theorem. This is not the case for any of the galaxies considered here: even for the bulges with the largest effective radius, σ c only samples the innermost 0.5 kpc, while the rotation curve does not settle to a constant velocity until much farther out, typically 4 to 20 kpc. Fig. 4 plots the ratio of bulge central velocity dispersion to disk circular velocity against the ratio of the radii at which the two are measured (the radius at which v c peaks is taken as a lower limit to the radius at which the circular velocity first settles onto a flat curve). As can be seen, R(v max )/R(σ c ) ranges from values of a few to over 100. The ratio between bulge velocity dispersion σc and disk circular velocity vc plotted against the ratio of the radii at which the two are measured. Solid circles are galaxies for which R(vc)/R 25 > 1.0.
Even so, if rotation curves of spiral galaxies formed a homologous family, as is the case for the elliptical galaxies of Gerhard et al. (2001) , v c or σ c would be linearly related (however, the constant of proportionality would depend on the details of the mass density profile). Unlike Gerhard's ellipticals, however, spiral galaxies show a strong dynamical non-homology: both the profile shape and the amplitude of the rotation curves depend on the galaxy luminosity (Casertano & van Gorkom 1991; Persic, Salucci & Stel 1996) . Therefore, a linear relation, or a relation at all, between v c and σ c is not expected a priori.
The two arguments presented above also explain why the v c − σ c relation is not a direct result of the so called "diskhalo conspiracy". Most rotation curves are characterized by a reasonably flat rotation curve in the outer parts. This implies that the mass density profiles of the luminous and dark matter must be coupled, thereby "conspiring" to produce a flat rotation curve and the absence of conspicuous features marking the edge of the luminous component (Casertano & van Gorkom 1991) . However the conspiracy breaks down in the inner, bulge dominated region, which is always characterized by a steeply increasing rotation curve whose detailed shape and overall slope depends strongly on the galaxy luminosity and morphological type (Persic, Salucci & Stel 1996; Sofue et al. 1999) . For the galaxies in our sample, only for NGC 2841 the case could be made of a bulge-disk conspiracy: the rotation curve is approximatively flat all the way to the innermost point, ∼ 2 kpc (Begeman 1987) . In all other cases, the bulge contribution is insignificant by the time the flat part of the rotation curve is reached (Broeils 1992; Kent 1987) . In other words there is no direct evidence in these galaxies of a coupling between bulge and halo. At most, a connection between the v c − σ c relation and the diskhalo conspiracy can be thought of in the following terms. A rough correlation exists between maximum rotational velocity and Hubble type (e.g. Casertano & van Gorkom 1991) is "expected" given the M • − L B and the Faber-Jackson relation, the v c − σ c relation is tighter, and therefore more fundamental, than any of the correlations mentioned above.
One last possibility to explore is whether the v c − σ c relation could be nothing but the Tully-Fisher relation in disguise. Verheijen (2001) finds negligible intrinsic scatter for the K-band Tully-Fisher relation when the circular velocity in the flat part of the rotation curve is substituted to the maximum rotational velocity. The tightness of the relation implies a fundamental connection between DM halo mass and the total baryonic mass. The connection with bulge mass (and hence σ c ) is however not immediate (Norman, Sellwood & Hasan 1996) . For instance, the bulge to disk fraction could conceivably depend on the detailed form of the halo angular momentum profile (Bullock et al. 2001 ) and the details of the angular momentum exchange between gas clouds during dissipation (van den Bosch et al. 2002) . It should be further noticed that Verheijen (2001) 
The Relation Between SBH and DM halo Mass
Given the discussion in the previos section, it seems clear that the v c − σ c relation is not a tautology. In particular, the slope and normalization of the relation do not follow from simple dynamical arguments, and indeed their exact characterization might have important repercussions for theoretical studies and numerical simulation (e.g. Steinmetz & Muller 1995) following the formation and evolution of galaxies. For instance, the near invariance of σ c /v c over two orders of magnitude in R(v c )/R(σ c ) seems to indicate a remarkable uniformity in the (luminous + dark) mass density profile along the Hubble sequence.
Furthermore, as discussed in §2, the existence of the v c − σ c relation is strongly suggestive of a tight correlation between M • and the total gravitational mass of the SBH host galaxy. If the rotation curves for all galaxies plotted in Fig. 3 are flat at a distance R from the center, i.e. v(R) = v c , the virial theorem ensures that M(R) ∝ v c 2 . Equations (1) and (2) 
2.6 . Several proposed scenarios trace the origin of SBHs to the very early stages of structure formation (Cattaneo, Haehnelt & Rees 1999; Silk & Rees 1998; Haehnelt & Rees 1993; Umemura, Loeb & Turner 1993) . By defining the depth of the potential well, the mass and distribution of the DM halo control not only the formation of SBHs, but also their relationship to the luminous matter. Relating v c to M DM is no trivial task, but at least a rough attempt can be made as follows. In a CDMdominated universe, M DM is uniquely determined by the halo velocity v vir measured at the virial radius, R vir . The latter is defined as the radius at which mass shells are first infalling, and is of the order of a few hundred kpc (e.g. Klypin et al. 2001) , increasing with the mass of the system. For instance, Navarro & Steinmetz (2000) give:
(we adopt H 0 = 75 km s −1 Mpc −1 throughout this paper). If the assumption is made that v vir ∼ v c , combining equations (1), (2) and (3) gives:
However, for any reasonable shape of the DM density profile, the circular velocity will decrease towards R vir , in other words, v c as listed in Table 1 is most certainly an upper limit to v vir . An analytical formula relating v vir to the circular velocity measured at a given radius R is given by Bullock et al. (2001) in the case of a DM halo with an NFW profile (Navarro, Frenk & White 1995) characterized by an "inner" radius r s . In this specific application, v vir /v c (R) is a function of two variables, the concentration parameter C vir = R vir /r s and the ratio R/r s . Nbody simulations (Bullock et al. 2001) show that for present day halos in the 10 Equation (5) is more realistic than equation (4), comparing the two can give a rough idea of how the results depend on the assumptions made for the rotation curve. In either case, it must be noted that M • does not depend linearly on M DM . According to equation (5), the ratio between SBH and halo mass increases from ∼ 1.2 × 10 −6 at M DM = 10 11 M ⊙ to ∼ 6.4 × 10 Further clues to the ability of DM halos to form SBHs are given by the three galaxies in Fig. 1 with σ < 70 km s −1 . Equations (5) strictly applies in the 10 6 < M • < 2 × 10 9 M ⊙ range over which both the v c − σ c and M • − σ c relation are well defined. Located below this range, NGC 6503, NGC 3198 and NGC 598 lie above the relation defined by equation (5). This, of course, is a direct consequence of the fact that they have circular velocities larger than equation (2) would imply given their bulge velocity dispersions, combined with the assumption that the M • − σ c relation holds in the form given by equation (1) down to arbitrarily small masses. Assuming that the measured v c and σ are not in error, for these galaxies to comply with the M • − M DM relation as given in equation (5) Given the present data, it is tempting to conclude that the tendency of massive halos to become less efficient in forming SBH as M DM decreases, is even more pronounced for halos with M DM < 10 12 M ⊙ . Such halos might indeed be unable to form SBH, as proposed on theoretical grounds by Haehnelt, Natarajan & Rees (1998) and Silk & Rees (1998) . Secure conclusions must await a better characterization of the M • − σ c relation below the 10 6 M ⊙ mark. Unfortunately, the spheres of influence of the putative SBHs in NGC 6503 and NGC 3198 are below the resolution capabilities of HST, whether M • is estimated from equations (1) or (5), therefore the M • − σ c relation might very well remain the only option for estimating M • in these galaxies. Hopes of better characterizing the M • − σ c relation in the small-mass range rely on one galaxy, NGC 205, which will be observed with HST/STIS during the upcoming year (GO-9448, P.I. L. Ferrarese), and on bright AGNs for which M • can be measured using reverberation mapping techniques (Peterson 2002; Ferrarese et al. 2001; Ferrarese 2002) . Measuring a rotation curve on large scales for these galaxies should therefore be made a priority.
CONCLUSIONS
The results in this paper can be summarized as follows:
• We have considered a sample of 15 spiral galaxies with published measurements of both the bulge velocity dispersion σ c and the disk circular velocity v c , measured beyond the optical radius. The sample displays a tight correlation between the two quantities. Furthermore, in a log(σ) − log(v c ) plane, the narrow strip occupied by the spirals blends smoothly with that occupied by a sample of 20 elliptical galaxies. This is an interesting result, in view of the different methods used to derive v c for the two samples, and of the dissimilarities between the shapes of the rotation curves observed in spirals and modelled in elliptical galaxies.
• The ellipticals and spirals define a common, linear (in a log-log plane) v c − σ c relation for 70 < σ c < 350 km s −1 . Three galaxies have σ c below this range; all three deviate from the relation in the sense of having smaller than expected values of σ c . The discrepancy is largest -a factor 7 larger than the standard deviation on σ c -for the galaxy with the smallest value of σ c , NGC 598.
• Rotation curves for all of the galaxies appear to be flat in the outer parts. In virtue of the M • − σ c relation and the virial theorem, the v c − σ c relation must therefore imply that the masses of supermassive black holes correlate with the gravitational mass of their host galaxy, measured within a given radius R > R 25 .
• If the further concession is made that, in CDM scenarios of structure formation, the virial mass of the DM halo is uniquely determined by v c (Navarro & Steinmetz 2000 , Bullock et al. 2001 
